Twelve TnS-induced mutants of Bradyrhizobiumjaponicum unable to grow chemoautotrophically with CO2 and H2 (Aut-) were isolated. Five Aut-mutants lacked hydrogen uptake activity (Hup-). The other seven Aut-mutants possessed wild-type levels of hydrogen uptake activity (Hup+), both in free-living culture and symbiotically. Three of the Hup-mutants lacked hydrogenase activity both in free-living culture and as nodule bacteroids. The other two mutants were Hup-only in free-living culture. The latter two mutants appeared to be hypersensitive to repression by oxygen, since Hup activity could be derepressed under 0.4% 02. All five Hup-mutants expressed both ex planta and symbiotic nitrogenase activities. Two of the seven Aut-Hup+ mutants expressed no free-living nitrogenase activity, but they did express it symbiotically. These two strains, plus one other Aut-Hup+ mutant, had CO2 fixation activities 20 to 32% of the wild-type level. The cosmid pSH22, which was shown previously to contain hydrogenase-related genes of B. japonicum, was conjugated into each Aut-mutant. The Aut-Hup-mutants that were Hup-both in free-living culture and symbiotically were complemented by the cosmid. None of the other mutants was complemented by pSH22. Individual subcloned fragments of pSH22 were used to complement two of the Hup-mutants.
Bradyrhizobium japonicum and soybeans (Glycine max) form an effective nitrogen-fixing symbiosis. H2 evolved during the ATP-dependent reduction of N2 by nitrogenase decreases the efficiency of nitrogen fixation, apparently as a result of energy loss (24, 29) . Some strains of B. japonicum possess a membrane-bound uptake hydrogenase enzyme (Hup) as nodule bacteroids which can recycle the H2 produced by nitrogenase to produce ATP (6, 7) .
B. japonicum Hup+ strains also can oxidize H2 in freeliving cultures when growing chemoautotrophically under microaerobic conditions (10, 15) . The inability of Hupmutants to grow chemoautotrophically has been used effectively to isolate many mutants with defects in the Hup system (16, 18) . Physiological and biochemical analyses of these Hup-mutants, generated by chemical mutagenesis, have provided information concerning both the components involved in the hydrogen uptake system and the way in which it is regulated. The many types of Hup mutants include some unable to oxidize H2 with either 02 or methylene blue as electron acceptor (16, 18) , others simultaneously lacking both hydrogenase and nitrogenase enzyme activities (23) , and still others that are hypersensitive to repression of H2 oxidation by 02 (21) .
In this study, we have isolated and characterized some Hup-mutants generated by transposon Tn5 (insertion) mutagenesis in an attempt to elucidate further the biochemical and genetic components involved in the hydrogen uptake system of B. japonicum. In addition, genes involved in H2 oxidation were used to complement some of the Hupmutants.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are cum stock cultures were maintained on mannitol-yeast extract (MSY) agar plates (13) , supplemented with the following antibiotics when necessary: rifampin (100 jig/ml), kanamycin (Km; 100 pLgIml), streptomycin (Sm; 100 ,ug/ml), and tetracycline (Tc; 80 ,ug/ml). B. japonicum was grown in BM (2) containing 5 ,uM NiCl2 or in MSY. When the cells contained Tn5 elements, 50 pug of kanamycin per ml was also present. Escherichia coli cultures were maintained on LB agar plates supplemented with the appropriate antibiotic (tetracycline, 20 ,ug/ml; streptomycin, 50 jig/ml; chloramphenicol, 25 ,ug/ml; kanamycin, 50 ,ug/ml). E. coli cultures containing cloned plasmids were grown in LB supplemented with 20 ,ug of tetracycline per ml. E. coli HB101 containing pRK2013 was grown in LB containing 20 ,ug of kanamycin per ml. For filter matings, B. japonicum and E. coli cells were grown to mid-log phase (optical density of 0.5 at 540 and 550 nm, respectively).
Tn5 mutagenesis of B. japonicum. B. japonicum SU was mutagenized with transposon Tn5 by conjugating the suicide plasmid pSUP1011 from E. coli to B. japonicum as previously described (13) , with the minor modifications described by Maier and Hom (20) . Use of Tn5 to obtain the Hupmutants has been described, but the mutants were not characterized (20) . Because Tn5 expresses resistance to both kanamycin and streptomycin in B. japonicum (9) , both antibiotics were used to select Tn5 recipients. B. japonicum strains containing Tn5 insertions were detected at a frequency of 2.4 x 10-6 per recipient. Hydrogen uptake assays. Hydrogen uptake activities in free-living cultures of B. japonicum strains were measured by the derepression procedure of Hom et al. (12) with the following minor modifications. The growth medium used was BM supplemented with 5 ,uM NiCl2. When transposon Tn5 mutants were cultured, the growth medium was supplemented with kanamycin (20 to 50 ,ug/ml). All H2 uptake assays were performed by using as the electron acceptor either 02 (100 to 180 ,uM) or methylene blue (200 ,uM) in Triton X-100 as described previously (27) . These concentrations of electron acceptors were saturating for all H2 uptake Bacteroids were isolated from soybean nodules, and symbiotic hydrogen uptake activities were determined as described before (21) . The protein concentrations of bacteroid samples were assayed by the procedure of Lowry et al. (17) , with bovine serum albumin (Sigma Chemical Co.) as a standard, after disruption of the bacteroids in NaOH (21) .
Nitrogenase assays. Both symbiotic nitrogenase activities of root sections containing soybean nodules and ex planta nitrogenase activity of free-living cultures of B. japonicum were determined as described previously (12) . The procedure for determining ex planta activity is a modification (8) of that described by Agarwal and Keister (1). Gas chromatographic conditions for assaying ethylene production have also been described (8) . Kanamycin (20 ,.g/ml) was included in the TnS-containing cultures of B. japonicum mutants which were to be induced for nitrogenase and hydrogenase activity.
Soybean nodulation experiments. B. japonicum strains were assayed for nitrogen fixation and hydrogen uptake activities with soybeans [Gl. max (L.) Merr. cv. Essex]. Seeds were surface sterilized with 95% ethanol and 0.2% HgCl2 as previously described (28) . Germinated soybean seeds were inoculated with approximately 109 B. japonicum cells and grown for 6 weeks in sterile Leonard jar assemblies as described before (21) . Surface-sterilized nodules (28) were crushed onto MSY agar plates containing rifampin (100 ,ug/ml), kanamycin (100 ,ug/ml), streptomycin (100 jig/ml), and cycloheximide (150 ,ug/ml).
Subcloning and mapping. Individual EcoRI fragments of pSH22 were isolated and cloned into the EcoRI site of the broad-host-range vector pRK290 (5). Restriction endonuclease sites of pSH22 and subclones were mapped by using standard mapping techniques (22) .
Filter matings. Subcloned plasmids were conjugated from E. coli to B. japonicum TnS mutants, using the triparental filter mating technique (4) described by Hom et al. (12) with the following modifications. The ratio of donor/recipient cells was 1:5, and cells were mixed and placed on filters immediately as they reached the desired cell density. After incubation of filters on yeast extract medium for 5 days (12) , cells were suspended with 0.01% Tween 20 and plated on methylene blue agar containing 80 ,ug of tetracycline per ml. Recipient B.japonicum cells, which were Tcr, were streaked on no-carbon agar medium and incubated in a microaerophilic environment as previously described (18) to test for complementation to autotrophy. A total of 500 colonies from each mating were streaked.
Whole-cell CO2 uptake. CO2 uptake rates were assayed as described previously (18) , with the following adjustments.
NaH14CO3 of specific activity 42.5 mCi/mmol was obtained from New England Nuclear Corp., Boston, Mass. Cells derepressed for H2 uptake (3 x 109 cells in 6-ml volume) were added to a 32-ml serum vial, the bottle was flushed with N2 and sealed, and gases were injected to obtain an atmosphere of 89% N2-10% H2-1.0% 02. NaHCO3 was added to a concentration of 20 (19) .
RESULTS
Isolation of TnS-induced mutants of B. japonicum with defects in hydrogen uptake activity. After TnS-induced mutagenesis of B. japonicum SU, approximately 6,000 transconjugant colonies resistant to both kanamycin and streptomycin were obtained. Of these 6,000, 14 mutants were unable to grow chemoautotrophically. The TnS-generated Aut-mutants were then screened for their ability to oxidize hydrogen (Hup) in free-living cultures ( SU15 and SU39, and therefore they were not characterized further.
Whole-cell CO2 fixation activities. An inability to grow chemoautotrophically in an atmosphere containing H2 and CO2 could be due to deficiencies in H2 oxidation or CO2 fixation. CO2 uptake rates were measured in cultures which had been derepressed for H2 uptake (Table 3 ). All Hupmutant strains tested (SU59, SU47, SU21, and SU17) were deficient in CO2 uptake; cells which are Hup-may well be unable to provide ATP for carboxylation enzymes, thus exhibiting lower CO2 fixation rates. In addition, some AutHup+ mutants were also deficient in whole-cell CO2 fixation (Table 3 , class 2). Mutant strains SU19, SU44, and SU55 had significantly less CO2 fixation activity than did the wild type. These mutants may lack activity for the key C02-fixing enzyme ribulose bis phosphate carboxylase.
Symbiotic H2 uptake activities of TnS-induced Hup-mutants. The five Hup-mutants (class 1) were screened for Hup activity as bacteroids from soybean nodules. Bacteroid preparations of Hup-strains SU59, SU27, and SU47 possessed no detectable hydrogen uptake activity (Table 4) . On the other hand, mutant strains SU21 and SU17 possessed symbiotic hydrogenase activities comparable to that of the wild-type strain SU. All strains reisolated from soybean nodules were resistant to rifampin, streptomycin, and kanamycin, indicating that they retained the transposon insertion. To determine whether derepression of H2 uptake activity in strains SU21 and SU17 could be hypersensitive to repression by 02, both strains were derepressed under both 2.0 and 0.4% partial pressures of oxygen (Table 4) . Mutants SU21 and SU17 had low levels of Hup activity when derepressed under 2.0% 02, but much higher levels of activity under 0.4% 02 (Table 4 ). These mutants are therefore similar to previously isolated mutants of strain SR classified as hypersensitive to 02 (21) . The low 02 tension found in the root nodule is probably the reason that strains SU21 and SU17 have hydrogenase activity as bacteroids.
Nitrogenase activities of Tn5-induced Aut-mutants. Both ex planta and symbiotic nitrogenase activities of the TnSinduced Aut-strains were determined. All class 1 mutants (Aut-Hup-) possessed both ex planta and symbiotic nitrogenase activities which ranged from 35 to 93% (ex planta) and 76 to 100% (symbiotic) of that of the parent strain SU (Table 5 ). In addition, all class 2 (Aut-Hup+) mutants tested had symbiotic nitrogenase activities. However, in the freeliving state, only five of the seven were inducible for nitrogenase activity. The free-living nitrogenase activities ranged from 42 to 113% of the parent strain's activity. The other two Aut-Hup+ strains, SU19 and SU55, totally lacked ex planta nitrogenase activity (Table 5 ). These two strains were also deficient in CO2 fixation activity, although a third strain (SU44), which took up CO2 poorly, could be induced to express ex planta nitrogenase activity. coli to the 12 TnS-induced mutants (Table 6) , and Tcr, Smr, and Kmr transconjugants were isolated and tested for their ability to grow chemoautotrophically. Aut+ Tcr transconjugants of SU47 and SU59 were detected at a frequency of 1.0 per cosmid transfer (Table 6 ). Strain SU27 was also complemented at a frequency of 1.0, but that transconjugant grew more slowly than either of the other transconjugants or the parent strain. It is not clear why this strain grew more slowly, but amperometric assays of Hup activity (Table 7) Aut+ 66 a Transconjugants were derepressed for hydrogenase activity as described previously (12) and assayed amperometrically for H, uptake activity with oxygen as electron acceptor. Each value is the average of data from two independent derepression vials.
show that the transconjugant SU27(pSH22) expressed only about 18% of the level of Hup activity of the parent strain. Aut+ Tcr transconjugants of strains SU47 and SU59 which contained pSH22 were also tested for hydrogen uptake activity in free-living culture (Table 7) . Both transconjugant strains possessed substantial levels of hydrogen uptake activity; thus, the cosmid appears to fully complement these strains to the wild-type phenotype. In contrast to the results obtained with strains SU27, SU59, and SU47, pSH22 complemented neither the two remaining class 1 (Hup-) mutants (strains SU21 and SU17) nor any of the seven class 2 AutHup+ mutants.
Complementation by subclones of pSH22. Southern hybridization of TnS to EcoRI digests of genomic DNA showed that the TnS insertions in SU59, SU27, and SU47 were in different EcoRI fragments (data not shown). EcoRI fragments of pSH22 (Fig. 1) were subcloned into plasmid pRK290, and each subclone was mated into SU59 and SU47: Because of its slow rate of growth even when complemented, SU27 was not tested. The two mutants were complemented by different EcoRI subclones of pSH22, and each mutant could be complemented by only one subclone of the five tested ( (18) .
Three of these five Tn5-induced Aut-Hup-mutant strains (SU59, SU27, and SU47) were also Hup-as bacteroids from soybean nodules and as such were similar to the previously described mutants B. japonicum SR140 (18) Lambert et al. (14) have independently isolated a clone, pHU52, which also encodes multiple hup-related genes. Recently, two adjacent restriction fragments of this plasmid have been subcloned and shown to contain the genes which encode the two subunits of hydrogenase (30) . Although they were isolated independently, restriction maps of pSH22 and pHU52 indicate that extensive similarity exists between the two. Interestingly, the fragments of pSH22 which complement SU47 and SU59 (pDN11 and pDN211) seem to encompass the regions of pHU52 found to encode the subunits of hydrogenase. Because both clones, particularly pDN11, are large, the mutations they complement in SU47 and SU59 do not necessarily lie within the hydrogenase structural genes. When clone pHU1, which overlaps pHU52, was mutagenized with Tn5, Hup-related sequences were shown to span at least 15 kb (11) . Unfortunately, attempts to assign specific hydrogenase subunit deficiencies to strains SU47 and SU59 by using subunit-specific antibodies (26) (21) . In addition, like those hypersensitive mutants, SU17 and SU21 possessed significant levels of Hup activity when they were derepressed for hydrogenase in free-living culture under reduced oxygen tensions. These mutants were not complemented to Hup+ by the cosmid pSH22.
Both types of TnS-induced Hup-mutants described above possessed wild-type levels of both ex planta and symbiotic nitrogenase activities. Thus, in these five Hup-mutants, the Tn5 insertion events disrupted hup genes exclusively involved in the expression of Hup activity.
Two of the seven Aut-Hup+ mutants (SU19 and SU55) totally lacked ex planta nitrogenase activity. These two mutants were deficient in CO2 fixation activity. An additional mutant (SU44), although deficient in CO2 fixation activity, expressed ex planta nitrogenase activity. Further characterization of these three mutants may provide valuable information concerning the biochemical or genetic relationship between anabolic carbon metabolism and nitrogen fixation. The remaining Aut-Hup+ mutants expressed nitrogenase activities both ex planta and symbiotically. In addition, they possessed CO2 fixation activity. Further characterization is necessary to pinpoint the defect which causes their Aut-phenotype. The TnS insertion mutations described here may also be useful for the isolation of genes involved in H2 metabolism and N2 fixation.
